The Saskatchewan River Basin (SRB) in Canada is one of the most important agricultural regions for the country. Despite the critical dependency of the region's agricultural and societal activities to climate variability and change, no comprehensive water and energy budget assessment has yet been developed for this drought-prone region. This study represents the first attempt at developing a comprehensive climatology of water and energy budgets for the SRB. Different observed, remotely-sensed, (re-)analyzed and modeled datasets were used to obtain independent estimates of the budgets. In particular, flux measurements from the Boreal Ecosystem Research and Monitoring Sites (BERMS) Coordinated Enhanced Observing Period (CEOP) reference site provide valuable validation data for the surface flux assessments. Budget results for the SRB are compared to those assessed for the Mackenzie River Basin to gain insights into the differences in water and energy cycling, and challenges in their quantifications, for these two neighboring major basins in North America. Apart from the development of state-of-the-art budget estimates for the SRB, the relative merits of current models, data assimilation systems and global blended datasets in representing aspects of the water and energy cycle of this semi-arid region were also assessed. Although some of the assessed component budgets compared quite well with observations, magnitudes of the residuals in balancing the budgets are often comparable to the budget terms themselves in all the analysis datasets, suggesting that substantial improvements to the models and observations are needed before we can vastly improve the assessment of water and energy budgets for the region.
Introduction
The regional climate system is operated through the exchange of water and energy between the region and its environment and through the internal cycling and conversion of these quantities within the region. As such, quantification of components of water and energy fluxes and reservoirs continues to be an important first step in understanding and predicting the climate of a region. In fact, one of the major objectives for the GEWEX (Global Energy and Water Cycle Experiment) Continental Scale Experiments (CSEs) is to assess the water and energy budgets for their corresponding study basins by using currently available datasets and models in the so-called Water and Energy Budget Studies (WEBS, see Roads et al. 2003; Lawford et al. 2004; Szeto et al. 2006) . WEBS is also one of the major activities for the Water and Energy Simulation and Prediction (WESP) working group of the Coordinated Enhanced Observing Period (CEOP) program (see the CEOP WESP Major Activity Plan by Roads et al. (2003) at www.ofps.ucar.edu/ ghp/ceopdm/documents/200306WESPMAP.doc). In particular, the data, methodology and tools that were developed in the CSE WEBS will be extended and augmented by CEOP datasets, and be applied to water and energy budget studies in regions outside of the individual CSE basins, and ultimately to the development of a global WEBS.
WEBS in GEWEX CSEs differ from previous water and energy budget studies (e.g., Berbery et al. 1999; Trenberth et al. 2001; Roads et al. 2002 , among many others) mainly in the use of various observational, (re-)analysis and model data to arrive at quasi-independent estimates of a more-or-less common set of water and energy budget variables that characterize the regional water and energy cycle of the respective CSE regions. In synthesizing the WEBS results, we would like to assess our ability to (i) observe basic climate variables; (ii) simulate those observations with current models; and (iii) develop budgets from observations, models and blended datasets such as reanalysis data. We would also want to clarify levels of uncertainty, as well as their sources, in these budgets and to recommend future research and data collections to address the problems. In this study, the WEBS effort in the Mackenzie GEWEX Study (MAGS, Stewart et al. 1998; Szeto et al. 2006 ) is extended to assess the water and energy budgets of the Saskatchewan River Basin (SRB).
The SRB, located just south of the mighty Mackenzie River Basin (MRB), is one of the most diverse basin in North America (Figs. 1 and 2). It covers 420,000 km 2 and spans three provinces and one state. The Saskatchewan River system is the fourth longest river in Canada and it drains most of the Canadian Prairie Provinces. The basin is bounded by the Rocky Mountains to the west, and the boreal forest to the north and east. The central and southern basin is part of the Palliser Triangle, a semiarid region of the Northern Plains that is the driest portion of Canada. Despite the extreme temperatures and dry conditions that characterize the region, it is one of the most important agricultural regions in Canada for grain crops productions, and grassland and cropland dominate its land cover (Fig. 2) . Due to its unique location, physical characteristics and heavy agricultural activities, the region is vulnerable to climate variability and change. In particular, the region is frequently affected by recurring severe and prolonged drought and occasional floods. The recent drought that affected the region from 1999-2004 alone had cost the Canadian economy over $5 billion in agricultural losses. Apart from its impacts on the agricultural activities in the region, water resources issues also affect significantly hydro-power generation in the Prairie Provinces.
Despite the critical dependency of the region's agricultural, societal and economic activities to climate variability and change, no comprehensive water and energy budget assessment has yet been developed for the region.
There have been, however, studies that have addressed particular aspects of the water and energy cycle of the region. For example, Strong (1996) and Barr and Strong (1996) studied diurnal features of local water vapor fluxes in the region; Raddatz (2000) studied the summer rainfall recycling in the Canadian Prairies; Liu and Stewart (2003) investigated water vapor features that affect the SRB and Liu et al. (2004) studied the effects of water vapor transport in affecting the development of the recent drought episode in the region.
The purpose of the current study is to develop state-of-the-art assessments of water and energy budgets for the SRB. Different observed, remotely-sensed, (re-)analyzed and modeled data were utilized to obtain independent estimates of the budgets. In this preliminary ef- fort, we will focus on basin-scale verticallyintegrated atmospheric and surface water and energy budgets for the period 1997-2002. The credibility of current models and data assimilation systems in representing components of the water and energy cycle of this ecologicallydiverse region will be assessed. Because the study period overlaps part of the CEOP Enhanced Observing Periods (EOPs) 1 and 2, data from the Boreal Ecosystem Research and Monitoring Sites (BERMS) CEOP reference site will also be employed in the study. In addition, current results will be compared to those obtained for the Mackenzie basin to gain insights into the differences in water and energy cycling, and challenges in their quantifications, for these two neighboring major basins in North America. Apart from providing an up-to-date and comprehensive climatology of water and energy budgets for the basin, these results will also serve as baseline budgets for gauging future progresses in their assessments for this drought-prone continental region. Results from this study will also form the basis for developing one of the upcoming GEWEX Hydrometeorology Panel (GHP, Lawford et al. 2004 )/CEOP case study of extreme climate events that focuses on the 1999-2004 Canadian Prairie drought. The water and energy budget equations and the datasets employed in this study are described in the next Sections 2. Budget results and their discussions are presented in Section 3 and some concluding remarks are given in Section 4.
Methodology and datasets

Water and energy budget equations
The variation and evolution of the climatic state of a region is governed by the exchange of mass and energy through the boundaries of the region and between its climate subsystems, and the conversion and cycling of these quantities in their various forms within the system. For terrestrial regions such as the SRB, the climate subsystems of interest are naturally the atmosphere and the underlying land surface. Depending on the degree of details that is desired in the analysis, there are many forms of the water and energy conservation equations that can be used in the budget study. In this preliminary study, we will limit the analysis to the 2-dimensional (vertically-integrated) horizontal variations of key water and energy processes and adopt the set of budget equations (3.1)-(3.4) from Roads et al. (2002 Roads et al. ( , 2003 :
Surface Water:
Atmospheric Temperature:
Surface Temperature:
where Detailed derivations and discussions of the budget equations, as well as the computational details of the budget terms can be found in Roads et al. (2002 Roads et al. ( , 2003 and will not be re-peated here. The main assumptions employed include the neglect of kinetic energy in the conservation of atmospheric energy and the neglect of latent heat of fusion during the formation of ice-phase precipitation in the atmosphere and during the snowmelt at the surface. Vertical integrations of atmospheric quantities are evaluated by using the method outlined in Trenberth (1991) . Similar to Roads et al. (2002 Roads et al. ( , 2003 À1 so that they can easily be compared to the atmospheric counterparts. It is convenient to combine the residual forcings with the tendency terms in the discussions of the budget results. This should have little effects on the values of the mean annual residuals since, over a long period, the change in water and energy storages in the atmosphere and surface can be assumed to be negligible. However, it should be noted that the storage terms, at least the surface storage terms, can exhibit strong seasonal variations over this northern terrestrial region. As this set of budget equations and normalizations are also used in the WEBS for the Mississippi (Roads et al. 2003) and Mackenzie (Szeto et al. 2006) basins, their adoption for use in this study will facilitate the intercomparisons of budget results obtained for these regions.
Datasets
A complete water and energy budget assessment for the basin would require the evaluation of the terms in Eqs. (2.1)-(2.4) over a wide range of spatial-temporal scales. In this preliminary study, we will focus on basin-scale water and energy budgets on monthly and longer time-scales. Despite the relative abundance of hydrometeorological measurements in the region (compared to, say, the Mackenzie Basin, see Szeto et al. 2006) , there is still insufficient observation for a complete evaluation of water and energy budgets for the area, and we have to by necessity rely heavily on assimilated, modeled and remotely-sensed datasets to evaluate the basin-scale water and energy fluxes.
Since the regional datasets are typically of higher data resolution and are more thoroughly validated for the area than the global datasets, the relative merits of the global datasets in representing the components of the water and energy cycle for this semi-arid basin will be assessed by using the local and regional datasets as references. This type of assessments is important as the global datasets are widely used in climate studies for the region because of their extensive areal coverage, long data availability periods and readily accessibility. To facilitate this intercomparison between the budgets evaluated from the global and regional datasets, the budget analysis will be performed over the 5-y period from June, 1997 to May, 2002 . The adoption of this analysis period is largely dictated by the maximum overlap of availability period of the datasets used in the study (see the summaries of the various datasets in Tables 1 and 2 ).
a Assimilated and modeled datasets
The global reanalysis datasets used in this study include the National Centers for Environmental Prediction-Global Reanalysis 2 (NCEP-R2, Kanamitsu et al. 2002; Kistler et al. 2001 and Roads et al. 2002) and the European Centre for Medium-Range Weather Forecasts 40-yr Global Reanalysis (ERA-40, Simmons and Gibson 2000; Kå llberg et al. 2004) . Regional analysis datasets are obtained from the Canadian Meteorological Centre (CMC) Global Environmental Multiscale Model (GEM) operational analysis and forecast archive. Detailed description of the GEM model and its implementation at CMC can be found in Côté et al. (1998) . In addition to the (re-)analysis datasets, results from a simulation of the Canadian Regional Climate Model (CRCM; Caya and Laprise 1999) are also used in this study to assess how well water and energy cycling in the region can be simulated with a modern climate model. The version of the model used in this study utilizes the third generation physical parameterization package of the Canadian Centre for Climate Modelling and Analysis (CCCma) which includes the Canadian Land Surface Scheme (CLASS, Verseghy 1991; Verseghy et al. 1993) among other improvements over the previousgeneration CCCma physics package. The simulation was performed in ''climate mode'' from April, 1997 to almost current, at a horizontal resolution of 51 km (true at 60 N) with 29 levels in the vertical. Lateral boundary and initial (atmospheric) conditions are specified from the CMC GEM global analysis. Other aspects of the simulation can be found in MacKay et al. (2003) and Szeto et al. (2006) .
b Global satellite or blended datasets
The global datasets used in this study include satellite cloud and radiative products and blended satellite and in-situ or model global precipitation and water vapor datasets. Radiative fluxes are obtained from the International Satellite Cloud Climatology Project (ISCCP, Rossow and Schiffer 1991) FD dataset (Zhang et al. 2004 ) that was created by employing the NASA GISS Global Circulation Model (GCM) radiative transfer code and a collection of global satellite measurements of cloud and surface properties. For global blended precipitation datasets, both the GEWEX-sponsored Global Precipitation Climatology Project (GPCP, Adler et al. 2003) and NCEP global precipitation climatology and NCEP Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP, Xie and Arkin 1997) datasets are employed in the study. The blended global water vapor climatology dataset from the NASA Water Vapor Project (NVAP) (Randel et al. 1996 ) is used to compare with estimates of vertically-integrated water vapor for the region from other datasets.
c Regional and in-situ observations
There are two regular rawinsonde sites (Edmonton and The Pas, Fig. 1 ) within the SRB. Nine principal surface stations within the basin augmented by numerous auto stations (see for and Hogg 1999) . Regional snow water equivalent (SWE) estimates derived from SSM/I passive microwave satellite data in the prairie region (Derksen et al. 2003 ) are used to compare against model and analyzed snowcover in the region.
d BERMS CEOP reference site data WEBS for the SRB has one big advantage over the corresponding study for the MRB by having available to it regular surface water and energy flux measurements from the BERMS sites. The three main BERMS study sites are located in the southern boreal forest within the Saskatchewan Basin (Figs. 1 and 2), each representing a different forest type with mature tree species ranging in age from about 70-130 years . All sites measure standard surface and near-surface meteorological variables, above-canopy radiation and turbulent fluxes among other parameters. BERMS measurements (averaged over the 3 sites) of sensible and latent heat fluxes, as well as radiative fluxes are used in this study to validate the model fluxes.
Results and discussions
Annual basin-average budget results are presented in Table 3 and the mean monthly budgets are presented in Figs. 3-7. Intercomparisons of monthly timeseries of various surface fluxes measured at the BERMS sites and those from the nearest grid points in the different models are shown in Fig. 8 . Various aspects of the budget results will be discussed in the following.
Representativeness of the 5-y study period
The representativeness of the budgets for the 5-y study period is assessed by comparing the 5-y budgets to the longer-term (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) budgets from the ERA-40 dataset (Table 3) . Despite the fact that both the record-breaking 1997-98 El Nino event and a severe and prolonged drought that affected the region occurred within the 5-y study period, the 5-y and 20-y budgets are very similar. Exceptions are found in the surface air temperatures where the results show that the basin during the 5-y study period was 0.6 C warmer than the previous 20 years on average. This warming in the region could be related to the strong 1997-1998 El Nino event or it could be part of the strong warming trend that has been observed in the region (Zhang et al. 2000) . In addition, both the 5-y average moisture flux convergence (MC) and dry static energy convergence (HC) are respectively lower and higher than their longer-term averages. In fact, both MC and HC exhibit strong interannual variability, and the annual-average MC has shown a clear decreasing trend while HC exhibits a clear increasing trend over the region during the last 25 y. The nature of these longer-term trends in moisture and energy convergence into the region will be investigated in future studies and will not be discussed further here. Results from these inter-comparisons show that the 5-y period chosen for the study while exhibited some abnormalities in its mean hydroclimatic state, many of the water and energy fluxes computed for the period should also be representative of the longer-term climate for the SRB.
Budget annual cycles and the SRB
climate system A brief description of the regional water and energy cycle of the SRB as revealed from the budget results will be given here. Like other mid-to-high latitude continental regions, the SRB acts as a sink region for heat and water in the global climate system, as reflected in the budget results. During the boreal cold season (Nov.-Feb.) when the mean N-S global temperature contrast is strong and the atmosphere is dynamically active, a large amount of heat energy is transported into the SRB from the warm southern and oceanic regions (HC in Fig. 3a) . The region receives little solar radia- tion during these months and there is a net radiation deficit at the surface (QRS in Fig. 3c ) that cools the surface of the basin to low temperatures during the winter. Some of the heat that is transported into the basin is lost to the cold underlying surface via sensible heat transfer (SH in Fig. 3a and Fig. 3c ) which cools the lowest levels of the atmosphere and creates general stable conditions in the boundary layer. However, the cooling is not sufficient to induce enduring surface-based temperature inversions, such as those found extensively over the MRB during the winter. The cold temperatures and stable conditions limit latent heat transfer at the surface during the cold season (see E and LE during the cold season in Fig. 3b and Fig.  3c, respectively) . Consequently, the atmospheric heat convergence into the basin is largely balanced by thermal radiation loss to outer-space (QR in Fig. 3a) during the cold season. Although the strong mean westerly flow entering the continent from the N. Pacific is moisture-laden, much of the moisture is precipitated out of the atmosphere over the coastal mountainous regions. Consequently, net moisture flux convergence into the basin is typically weak throughout the year (see MC in Fig. 3b ). During the cold season, precipitation (P, and the associated condensational heating LP) is relatively low and comes solely from synoptic systems that pass over the basin. As surface evaporation is weak, the winter precipitation is largely derived from the large-scale moisture flux convergence into the basin (Fig. 3b) . Be- cause of the low winter temperatures that characterize the region, the winter precipitation often falls in the form of snow. Due to the flat terrain and land covers that characterize the region, strong winds are common during the winter; wind transport and enhanced sublimation in the blowing snow can account for up to 40% of winter precipitation over the region (Pomeroy and Essery 1999) . In addition, enhanced sublimation and melt during Chinook events can occur over the southwestern basin during the winter. As a result, although winter precipitation amount is similar between the SRB and MRB, there is typically much higher annual snow accumulation in the MRB than in the SRB at the end of winter (Table 3) . Expectedly, runoff is extremely low under the conditions that characterize the region during the winter (Fig. 3d) . Solar insolation increases to produce net surface radiative surplus again during the spring (see QRS in Fig. 3c during March and April). A substantial portion of the solar input is used to melt the snow on the surface. The melt water often recharges the soil in many areas of the basin and produces large runoff during spring (see N and RESW in Fig. 3d from MarchMay). Due to the ''pothole'' topography that characterizes the region, surface water bodies of various sizes could form from the melt during spring.
Much of the basin experiences abundant solar insolation during the summer and the incoming shortwave radiation dominates the surface radiation budgets to produce strong net surface radiative heating during the summer (see QRS during May-Aug. in Fig. 3c ). As a large portion of the basin's surface is covered with vegetation, wet soil or surface water bodies, much of the solar insolation is consumed in evapotranspiration processes and inducing large evaporation and latent heat flux at the surface (see E and LE during May-Aug. in Fig. 3b and Fig. 3c) . A relatively smaller portion of the solar radiation is used to warm the surface which in turn warms the lower atmosphere via sensible heat transfer and turbulent heat fluxes (SH in Fig. 3a and Fig. 3c ). The surface sensible and latent heat fluxes destabilize and moist the atmosphere over the basin, and consequently, a considerable portion of its warm-season precipitation is of convective nature. The considerable evapotranspiration and precipitation (and their strong phase coherence) that characterize the basin during the warm season (Fig. 3b) suggest that moisture recycling might play an important role in governing the warm-season water cycle of the region; the inference was supported by results in a previous study by Raddatz (2000) which showed that recycled rain could account for 24 to 35% of the total summer rainfall in the Canadian Prairies. Contrary to the MRB which on the whole remains as a moisture sink during the summer, the SRB turns into a moisture source (i.e., MC is negative in Fig. 3b ) during the summer due to the strong evapotranspiration that occurs over the basin, conforming to the semiarid nature of the region. Although summer precipitation sometimes revives the warmseason runoff in the basin, runoff tapers off steadily from the spring snowmelt freshet due to the general negative water balance (i.e., P-E < 0, Fig. 3d ) in the region during the summer. Because of the strong surface heat flux and condensation heating in the atmosphere (SH and LP in Fig. 3a) , the basin transformed into a heat source region (i.e., HC is negative) for the large-scale airflow during the summer months from May-August.
Discussions of budget parameters
In the following discussion of the budget parameters, we will focus on assessing the variability of basin-average budgets from the different datasets and the self-consistency of the budget components within each dataset. Because the evaluations of many budget terms are based on analysis data, it is convenient to discuss the results with reference to the degree by which the source analysis variables are affected by observations. In particular, we will adopt the convention used in describing the NCEP analysis variables (e.g., Kistler et al. 2001 and others) in the following discussion. In this convention, type-A variables are those that are strongly influenced by observations (e.g., air temperatures), type-B variables are those affected by both the model performance and observations (e.g., specific humidity, screen temperatures) and type-C variables are purely forecast variables with no corrections from observations (e.g., surface evaporation or sensible heat fluxes).
a Soil moisture
The vertically-integrated soil moisture ðMÞ accounts for the sub-surface storage of water in the basin. Due to the general lack of regular observation for the parameter, M is a type-C variable in all the analysis datasets. Since the depth of the soil layer varies substantially among the different models, it is very difficult to compare their total soil moisture content. As such, the depth-to-bedrock information for the region from Soil Landscape of Canada (http:// sis.agr.gc.ca/cansis/nsdb/slc /intro.html) was used to normalize the physical depth of the model soil layers in the calculation of their total soil moisture content. With this normalization, the range of annual basin-average M still varies from about 225 mm for the CMC estimate to about 380 mm for the ERA-40 estimate. Due to the uncertainties introduced in normalizing the soil water in these results, it is more meaningful and physically more interesting to inter-compare the differences in the spatial and temporal variability of M exhibited in the different models rather than their annual averages.
b Snowcover
Snowcover plays an important role in the water and energy cycling in this semi-arid region. Snow depth is measured routinely at various locations in the basin and there are also remote-sensing snowcover estimates from satellite (e.g., SSM/I). The analyzed snow water equivalent (SWE) is typically a type-B variable that is derived from the observed snow depth, model-generated precipitation, and snow densities that are assumed in the analysis procedures. Despite the fact that the procedure used by the forecast centers to do the SWE analysis can vary substantially between each other, the annual basin SWE agrees well between the estimates from NCEP-R2, ERA-40 and CMC (@15 mm). On the other hand, they are substantially lower than either the SSM/I (23.84 mm) or the CRCM (30.29 mm) estimates (Table 3 ). The high bias of SWE in the CRCM can be related to the cold bias in the lower troposphere and the low sublimation rates (Table  3) in the model during the cold season. Consequently, snow accumulation starts early while snowmelt is delayed in the CRCM which in turn affected its water budgets in the spring (Figs. 4b and 5 ). The estimates of SWE for the SRB from all the datasets are much lower than their counterparts for the MRB.
c Screen temperatures
The screen temperature (T2m) is presented here instead of the surface skin temperature (Ts) because the two variables are very closely correlated with each other. However, there are extensive observations for surface air temperatures while there is very little observation available for Ts in the region. In addition, T2m is a type-B variable while Ts is a type-C variable in the assimilation datasets. The fact that T2m is a type-B analyzed variable in the assimilation datasets also partially accounts for the relatively low variability of this variable across the different estimates from the analysis datasets (all within 0.4 C of the observed value, Table 3 ). Similar to the results for the MRB (Szeto et al. 2006) , strong cold bias in low-level atmospheric temperature is found in the CRCM data with the strongest bias occurred during the fall and winter (>4 K for SON) and less so during the summer (<1 K).
d Precipitable water
The vertically-integrated atmospheric moisture content or precipitable water ðQÞ gives the storage of water in the atmosphere. Despite the fact that Q is only a type-B analysis variable, i.e., both observations and model performance could exert significant effects on the analyzed values, the variability of Q among the different estimates is relatively small. In particular, the annual basin-average Q agrees well among the different datasets including the estimates from the global NVAP (1988-1999 climatology) and regional rawinsonde datasets (the global and regional observations of Q in Table 3 , respectively).
e Atmospheric enthalpy
As atmospheric temperature is a type-A variable in the analyses, its vertical integral (or equivalently the atmospheric enthalpy or heat content, H) exhibits little variability among the different estimates (Table 3) . Despite the strong cold temperature bias that exists at its lower model troposphere, the basin average H from the CRCM is very close to others. It is of interest to note that although the SRB is located south of the MRB and temperatures are typically higher over the region, annual-average H is slightly higher for the MRB (Table 3) , which is likely a result of the slightly lower mean surface elevation in the latter region.
f Precipitation
Precipitation ðPÞ is the best-observed water budget variable. Despite the relatively abundant observations, it is a type-C variable in the analysis datasets that are used in this study. Nevertheless, as shown in Table 3 and Fig. 4b , the precipitation from the various datasets, with the exception of NCEP-R2 and (to a lesser extent) the global blended datasets, agrees relatively well on both their monthly and annual means. The NCEP-R2 precipitation is substantially higher than others while both the CMAP and (to a lesser degree) GPCP global blended precipitation datasets are somewhat lower than those from other datasets. Both P and its variation among the different estimates exhibit strong seasonal variability for the basin (Fig.  4b) . The high bias in the NCEP precipitation occurs mainly during the summer (Fig. 4b) . Despite the vast differences in geographical location, physical features and hydroclimate that characterize the SRB and the MRB, annual P is very similar for the two basins (Table 3) . Further examination of the results shows that P is typically higher in the SRB during spring and early summer while it is higher in the MRB during the fall. The higher P in SRB during the spring is likely a consequence of the higher temperatures and more active evapotranspiration over the region during the season while the higher autumn precipitation in the MRB is likely a result of the frequent Pacific cyclones that visit the NW coast of Canada during the fall.
g Evapotranspiration
Evapotranspiration ðEÞ is also a type-C variable in all the analysis datasets, but unlike precipitation, it exhibits a large spread among different model estimates, with the NCEP-R2 estimate (@2.1 mm d À1 ) almost double that from the CRCM (1.05 mm d À1 ). The relative low (high) bias that characterizes the CRCM (NCEP-R2) E is consistent throughout all seasons (Fig. 4b) and they consequently give the lowest and highest values for the annual model E estimates, respectively. It should be noted that evaporation is typically higher in the southern basin; the lower E from the BERMS site is therefore expected when compared to other basin-average estimates. However, the high bias in NCEP-R2 is still evident in the intercomparison of the grid-point E (or equivalently, LE) estimates with observations at the BERMS sites (Fig. 8f ) . Apart from the NCEP-R2 E, all other model estimates compare extremely well with the measurements. Although the CRCM yields the lowest estimate for the basin-average E, its E predictions at the BERMS site location can be biased high when compared to the BERMS data and other model estimates (except NCEP-R2), especially during the summer (Fig. 8f ) . Evaporation is weak over the basin in all estimates during the winter. However, most of the models could have under-predicted E during the winter because neither blowing snow nor Chinook processes, both of which could have big impacts on snow sublimation in the region, are typically represented in current operational or climate models. Although only results from NCEP-R2 suggest that the basin-average P-E is negative on the annual time scale (Table 3) , all estimates agree that E exceeds P during the warm season from May to September with the exception of June where all datasets predicts a positive P-E.
h Runoff
Although runoff is an important component in the surface water budgets, it is only poorly simulated at best in the model datasets that are used in this study. In the CMC analysis, runoff is simply computed as P-E. As such, it will not be discussed further in the following. Most river flow in the basin follows a nival regime in which spring melt generates high flows that are orders of magnitude larger than the winter discharge. The flow declines after the spring freshet but it might increase occasionally by summer rainstorms. With the exception of runoff in the CMC analysis, all datasets exhibit to some degrees these runoff characteristics over the SRB (Fig. 5) . The CRCM yielded the highest peak model runoff as one might expect from the high bias exhibited in its model snowcover (Table 3 ). All the models predicted excess runoff to various degrees when compared to the measured discharge for the Saskatchewan River at the Pas (Table 3) . Many factors can contribute to the disparity between the model runoff and measured streamflow in the basin. The combination of dry climate and recent glaciation results in poorly integrated drainage with few streams and many internal drainage basins (Sauchyn 1997 ). The landscape is thus poorly integrated hydrologically and large areas are often internally drained. In fact, the Saskatchewan River system is largely fed by snowpack and glacial melt in the Rockies rather than by precipitation runoff within the basin (see Plate 33 of Fisheries and Environment Canada 1978) . These natural factors along with the heavy regulation of streamflow in the region for water development complicate significantly the modeling of runoff processes in the region.
i Moisture flux convergence
All annual estimates of MC agree that the SRB receives moisture from its environment on average although the annual-average MC varies substantially among the estimates (Table 3). The different datasets also agree on the seasonal variability of MC over the basin in general (Fig. 4a) . In particular, they all predict relatively strong moisture flux convergence into the basin during the cold season. They also agree in general that the basin turns into a moisture source during the warm season with the exception of June when all datasets predict rather strong moisture flux convergence into the basin. The strong June MC maximum is diagnostically consistent with the June precipitation maximum in most of the datasets (Figs. 4a  and b) . The warm-season moisture divergence is typically weakest in NCEP-R2 and strongest in ERA-40 (Fig. 4a) . When compared to the SRB budgets, the MRB receives substantially higher amount of moisture on the annual basis, and contrary to the SRB, the basin remains as a moisture sink during the summer in general (Szeto et al. 2006 ).
j Dry static energy convergence
All model estimates of HC agree that there is net large-scale energy convergence into the basin on the annual time scale, albeit it is not quite as strong as a heat sink region as the more northern and colder MRB (Table 3 ). The magnitude of annual HC varies from the low estimates of CMC and ERA-40 at @0.15 K d À1 to over 0.4 K d À1 in the CRCM. As expected, HC into the basin is the strongest during winter when the pole-to-equator and continentaloceanic temperature contrasts are the greatest. Estimates of HC from all datasets suggest that the basin is a heat source for the circulation (i.e., HC < 0) during the summer (Fig. 6a) .
k Sensible heat flux
Since sensible heat flux (SH) is not part of the routine observations; it is a purely forecast variable in all the assimilated datasets and it is thus strongly dependent on the model physics. Sensible heat is heat energy transferred between the surface and air when there is a difference in temperature between them. All datasets agree that there is downward transfer of sensible heat into the surface in general during the cold season when the basin surface is substantially colder than the overlying air (Fig.  6b) . While the magnitude of the basin-average cold-season SH is similar among the CMC, ERA40 and CRCM results, the NCEP-R2 SH is substantially stronger than the others (Fig. 6b ).
For the basin as a whole, upward sensible heat fluxes occurs between March and September for all datasets except NCEP-R2 which, apart from the summer months from May to August, exhibits either negative or near-zero basinaverage SH throughout the year. The weaker upward SH in the CRCM during spring is consistent with the low bias in T and high bias in SWE that are exhibited in its results. The lower than average SH in the NCEP-R2 analysis is reflected in its negative annual SH while all three other annual estimates are positive (Table 3 ). The strong downward SH bias in the NCEP-R2 data is also evident in the comparisons of grid-point estimates with the BERMS site flux data (Fig. 8e) . The ERA-40 SH agrees the best with the observed fluxes in general but all datasets under-estimated the upward SH during the summer when compared to the BERMS SH.
l Clouds Although cloud amount is not one of the explicit variables that enter into the water and energy budget equations, it is included here for the discussion because of the critical roles it plays in the water and energy cycle of the earth. Cloud amount is typically a type-C variable in the analysis datasets and it is also generally agreed that it is one of the more poorly simulated variables in current models. Annual basin-average cloud cover is lowest in NCEP-R2 with a mean basin average of 43% and followed by CMC and CRCM at about 48% (Table  3) . Annual estimates from the ISCCP data is high at 68% while the ERA-40 estimate agrees with the observed value of about 60%. These results show that the SRB is in general less cloudy than the MRB (Table 3 , see also Szeto et al. 2006) and, in fact, Saskatchewan is wellknown for the relative abundant amount of sunshine it receives among the Canadian provinces.
m Radiative fluxes
Although radiative fluxes are type-C variables in the analyses, the variability among their estimates are typically smaller than those for other flux variables in the budget assessments (Table 3 , Figs. 6a and 7a) and much of the revealed variability can be related to the variability of cloud cover in the different datasets. For example, the high bias of downward shortwave flux at the bottom of the atmosphere (BOA_SWD) in NCEP-R2 can be related to the lower model cloud cover in the dataset. On the other hand, the slightly above average BOA longwave fluxes in both the ERA-40 and ISCCP data can be related to the above average cloud cover in these dataset. Relatively low variability are found in the estimates for both the BOA and TOA (top-of-the-atmosphere) longwave fluxes. Both the downward and upward longwave fluxes at the surface, as well as the TOA_LWU are slightly lower in the CRCM, presumably a result of the cold bias that is found in the model temperatures as discussed earlier. Similar to the E and SH results, the ERA-40 radiative fluxes compared the best to the BERMS radiative fluxes (Figs. 8a-d ). All BOA_SWD estimates compare reasonably well with observations with CMC and NCEP-R2 estimates biased high during summer (Fig. 8b) , presumably a result of the lower cloud cover in these models. On the other hand, all except ERA-40 exhibit strong high bias of surface SWU during the summer (Fig. 8a) , suggesting the possible inappropriate surface albedo specifications over boreal forest regions in the models. There are also general low biases in the surface LW fluxes (Figs. 8c and d) , especially during the winter for the CRCM as discussed earlier. It is however encouraging to find that all models captured some of the observed inter-seasonal variability of surface LW fluxes (e.g., during February of 2001 and 2002) , suggesting that the models are responding realistically to variability in the larger-scale conditions.
Budget closure and error analysis
One of the applications of WEBS results is the assessment of the completeness and correctness of our knowledge for the water and energy cycle of a region through examining the accuracies of the budget estimates and the degree by which the budgets can be closed on various spatial-temporal scales. In addition, such assessments often give useful information on the areas that we should focus our effort towards improving our model prediction of water and energy cycling in the region.
The validation of budget estimates with available observations is the most direct means to asses the accuracy of the estimates, and the results of such validations were discussed in the previous section. Not surprisingly, WEBS parameters that are derived from strongly ''corrected'' variables in the analysis datasets (e.g., atmospheric enthalpy, screen temperatures and precipitable water) compared the best to observed values. For the purely forecast fluxes that also have observations, precipitation and radiative flux estimates compare somewhat better with observations than the sensible and latent heat fluxes. In addition, the wide discrepancies between modeled and observed snowcover and runoff in the basin suggest that we might have to improve the cold-season surface and runoff processes in the models before substantial improvements in snowcover and runoff predictions for the SRB can be achieved.
When no measurement is available to validate the budgets, the spread of the budget estimates among the different datasets (given, for example, by the coefficient of variation ðCVÞ ¼ standard deviation Â 100%/mean of the estimates) will give a measure of the uncertainties in their evaluations. Similar to the results from the intercomparison of budget estimates with observations, smaller budget estimate variability are found in parameters that are derived from strongly-corrected analysis variables and wider spreads are found in the purely forecast flux variables (e.g., in evapotranspiration, runoff and sensible heat flux, see Table 3 ). Exceptions are found in the estimates of precipitation and radiative fluxes. In particular, when neglecting the NCEP-R2 and global blended precipitation, annual precipitation estimates from the various sources and many of the radiative flux estimates agree with each other to be within 10% of the corresponding ensemble mean values. Large variability is also exhibited in the moisture and heat flux convergence. A CV of @50% in both cases are somewhat larger than their counterparts for the MRB budgets (Table 3 ). The larger spreads of the convergence terms for the SRB are presumably a result of its smaller basin area when compared to the MRB because the sensitivity of flux convergence calculation results to slight variations in the analyzed or model atmospheric flow data would increase when the basin area decreases.
An accurate and complete quantitative characterization of the water and energy cycle for a region requires both accurate evaluations of the budget components and adequate closure of the budget balance. The closure of the budgets from the various datasets is given conveniently by the residuals in balancing their corresponding budgets. Theoretically, there should be complete balance in the modeled water and energy budgets. However, budget imbalance might occur as a result of non-conservative numerical schemes that are employed in the model or from errors that might have occurred in off-line budget computations with archived model outputs. Nevertheless, the residuals in balancing the annual surface and atmospheric water and energy budgets from the CRCM are in general much smaller than those for the analysis datasets. Residuals in balancing the budgets from the analysis datasets are generally expected because of the nudging of the forecast variables with observations during an analysis cycle. In addition, non-closure of water and energy budgets for a region in the analysis datasets could be a result of neglecting important processes in modeling the water and energy cycle for the region. Results in Table 3 show that the residuals in balancing annual atmospheric water budgets (RESQ) can range from 13% of observed precipitation (for ERA-40), to @28% for CMC and over 70% for NCEP-R2. Similarly, residuals in closing the atmospheric energy budgets (REST) and surface water budgets are in general comparable in magnitudes to the budget terms themselves. Residuals are generally smaller in the surface energy budget balances. It is also of interest to note that there are characteristic seasonal dependencies exhibited in the residuals that could vary from dataset to dataset (Figs. 4a, 5, 6c and 7b) . In accord with the generally lower variability among its budget component estimates, the budget residuals are in general slightly smaller in the MRB assessments (Table 3) . Since changes in the atmospheric and surface water storage can be neglected in the long term, (i.e., MC @ P-E @ N), the water budget closure is traditionally assessed by the balance between the long-term average atmospheric moisture flux convergence and observed runoff. Using this approach, the regional water budget for the MRB is closed to be within 6, 8 and 10% of the observed runoff using the moisture flux convergence from ERA-40, CMC, and CRCM, respectively. As discussed in Section 3.3h, unlike the MRB, the landscape of the SRB is poorly connected hydrologically and the streamflow in the region is influenced by melt water from the Rockies. These factors render the inappropriateness of closing the water budgets of the region with this approach, as evident in results (Table 3 ) which show that the modelled MC is in general many-fold larger than the measured discharge for the Saskatchewan River.
Concluding remarks
This study represents the first attempt at developing a comprehensive climatology of water and energy budgets for the Saskatchewan River Basin. Different observed, remotelysensed, (re-)analyzed and modeled data were used to obtain independent estimates of the budgets. Apart from the development of stateof-the-art budget estimates for the SRB, the capability of current models and data assimilation systems in capturing the water and energy cycle of this semi-arid region were also assessed. In this regard, flux data from the BERMS CEOP reference site have shown to be of great value in this study.
Although the CRCM simulation was performed in ''climate mode'', the model simulated a very respectable climate for the SRB when compared with observations and analysis data. However, similar to its results for the MRB, the model exhibits strong cold bias in its low-level tropospheric temperatures within the SRB, especially during the cold season. This model deficiency affects the snowcover and hence the spring recharge in the model. Hence, until this problem is properly addressed in the model, cautions should be exercised in applying its results for drought research in the region.
In general, water and energy budgets derived from the ERA-40 dataset compared the best to available observations. Although a sophisticated surface module was not implemented into model until the last year of the study period, budgets from the CMC GEM analysis also compared reasonably well to observations. Similar to its budgets for the MRB, budgets from the NCEP-R2 re-analysis exhibit the strongest deviation from the ensemble mean budgets and are compared most unfavorably to available observations in general. In particular, the R2 dataset exhibits a significantly more intense warm-season water cycle for the SRB than the ones assessed from other datasets. The NCEP model produced consistently higher surface evaporation than others throughout the year and predicted a net annual water deficit for the region. The surface sensible heat fluxes from the R2 datasets also differ from others in that its sensible heat flux into (from) the surface during the cold (warm) season is substantially stronger (weaker) than those from other datasets. These results suggest that NCEP-R2 dataset should be used with cautions for hydrometeorological studies for the basin.
The global satellite or blended datasets are shown to be quite accurate in representing some component budgets for the SRB. In brief, the results show that (i) the annual basin average precipitable water estimates from the NVAP dataset compare extremely well with those estimated from regional or analysis datasets; (ii) the CMAP, and to a lesser degree, GPCP precipitation estimates are lower than others with the low biases in the CMAP data particularly worse during the summer; (iii) the ISCCP FD radiative fluxes compare closely with estimates from others although its cloud cover for the region is biased high when compared to observed values. Although some of the assessed component budgets compared quite well with observations, magnitudes of the residuals in balancing the budgets are often comparable to the budget terms themselves in all the analysis datasets, suggesting that substantial improvements to the models and observations are needed before we can vastly improve the assessments of the water and energy budgets for this semi-arid region. The climate of the SRB is governed by complex interactions between the atmosphere and surface features and processes that occur on a wide range of spatial-temporal scales. A number of these processes (e.g., sublimation in blowing snow and runoff and routing processes in a region with hydrologically-disconnected landscape) are generally not represented in current climate models. These limitations will certainly affect the representation of the region's water and energy cycle in the models and thus the water and energy budgets that are assessed from the model results. These issues need to be addressed before we can confidently employ these model results to study important extreme hydroclimate events, such as drought, that frequently affect the region.
